Abstract：The spouted bed was widely used due to its good mixing of particles and effective phase transferability between the gas and solid phase. In this paper, the transportation process of particles in a 3D spouted bed was studied using the Computational Particle Fluid Dynamics (CPFD) numerical method. Experiments were conducted to verify the validity of the simulation results. Distributions of the pressure, velocities and particle concentration of transportation devices were investigated. The motion state and characteristics of multiphase flows in the transportation device were demonstrated under various operating conditions. The results showed that a good consistency was obtained between the simulated results and the experimental results. The motion characteristics of the gas-solid two-phase flow in the device was effectively predicted, which could assist the optimal operating condition estimation for the spouted transportation process.
Introduction
Due to the rapid particle circulation, rare bubbles production and regular particle distribution, the spouted bed technology [1, 2] has been increasingly used in coal or biomass gasification, drying, combustion [3] , flue gas desulphurization [4] , and particle crushing [5] . The primary difficulty in the spouted bed study is how to obtain accurate flow parameters. A number of modern measurement techniques have been applied to the multiphase flows in the spouted bed, including fiber probe [6, 7] , capacitance probe [8] , laser doppler anemometry [9] and particle image velocimetry [10, 11] . However, owing to the extremely complex multiphase flow characteristics in the bed, the traditional measurement methods are mostly used for simplified two-dimensional spouted beds. Until now, there is no efficient measurement methods that can fully obtain comprehensive and accurate multiphase flow characteristics in three-dimensional spouted beds [12] .
Numerical simulation provides a precious opportunity to understand the motion characteristic of multiphase flows [13, 14] . For spouted beds, simulations can predict the flow state, velocity distribution, pressure distribution and other parameters of the fluidized process. Also, it provides a large amount of data for the study of multiphase flows kinetic characteristics. S. Benyahia, and S. K. Hae et al. [15, 16] used kinetic theory of numerical simulation to investigate the fluidized processes and prove the feasibility of applying numerical simulation to the research of multiphase flows. The computational particle fluid dynamics (CPFD) numerical method is considered to be a more powerful tool for the simulation of large gas-solid two-phase flow system. It has been used for analyzing various gas-solid systems in recent years, considering that its multiphase flow model was developed incorporating dense phase, dilute phase, and packing particles algorithm for reducing computation [17, 18, 19] .Q. Wang et al. [20, 21] simulated the gas solid flow in a circulating fluidized bed (CFB) with a loop seal. They investigated the influences of operating parameters, including loop seal aeration rate, fluidized air velocity in the riser, and total bed inventory on the solid circulation characteristics. A. Abbasi et al [22] simulated a fast fluidized bed steam coal gasifier feeding section. F. Fotovat and Y. Liang et al [23, 24] simulated a bubbly biomass-sand fluidized bed. From these results, the validity of CPFD method in modeling of gas-solid flows in complex systems have been extensively demonstrated. It can simulate the gas solid two phase system efficiently and accurately, and we will try to use CPFD method to make overall analysis of larger systems.
In this study, the gas-solid two-phase flow in a cold transportation experimental table was simulated using CPFD numerical schemes. Simulation results were compared with the experimental data. The main contributions of this work are summarized below:
(1) An integrated view of the motion properties of multiphase flow in the spouted bed transportation device was made. According to the simulation results, key characteristics of multiphase flow were analyzed and compared with experimental data. A further insight of the spouted bed transportation process was made.
(2) A verification of potential feasibility of applying the CPFD method to the prediction of gas-sold system. CPFD was firstly utilized in the spouted bed simulation and validated by experiment. It is proved to be applicable to large gas-solid two-phase flow systems because of its computational speed and reliability. 
Experimental setup and simulation configurations

Experimental setup
In this paper, all experiments were carried out on the spouted bed cold transportation platform, as shown in Fig. 1 . Air was used as the fluidizing gas through the apparatus by an exhaust fan. The air flow rate was regulated by an intelligent vortex flow meter. A screw feeder was used to offer solid feed to the experimental devices. The pressure data was collected from the measurement points in the U-tube manometer. The semi-coke after screening was put into the hopper, and the air was injected into the bed by the blower. The air flow rate was adjusted to the pre-set value obtained from the intelligent vortex flow meter.
The semi-coke particles were fed by screw feeder and adjusted to the pre-set mass flow rate. After entering the steady state, the reading of U-tube manometers were recorded. Then the air flow rate or the mass flow rate was changed to complete all setting conditions of experiment. The height of all measurement points is also shown in Fig. 1 .
The platform can be used to transport different types of particles. In this paper, semi-coke particles were investigated. The particles were crushed by a standard Taylor sieve and then sieved into bulks with the diameter of 0-5 mm. The true relative density of semi-coke particles is 1200 kg/m 3 and the sphericity of semi-coke particles is 0.6. The diameters distributions of the particles is shown in Table . 2
.2 Simulation configurations
As shown in Fig. 2 , the simulation model of the cold transportation process was implemented using the CPFD. The detailed simulation parameters are presented in Table . The model was configured to be consistent with the experimental parameters. The grid density was verified by the grid independence experiment, as shown in Table . Then the grid lines on the model surface were tuned to ensure that the simulation area was in strict accordance with the model structure. In order to improve the accuracy of the simulation, the grid density was increased at key parts, including the inlet and outlet of the spray area, and the cyclone separator. The size of the cells for the "fine" case is about 4.8×4.8 mm. The Wen-Yu model in Barracuda is based on single particle drag models plus a dependence on the fluid volume fraction to account for the particle packing and appropriate for dilute systems [25] . In the spouted transportation process, most of the spray area and conveying section are filled with dilute flow [26] . Therefore, the drag coefficients can be extracted based on Wen-Yu model in this simulation. The present work chose rn=0.3 and rt =0.99 for the wall momentum retention as suggested by Barracuda user manual [25] and the study of Q. Wang [20] and C. Chen [27] . In the simulation process, the air volume and mass flow rate of feeding semi-coke were used as variables referring to the experimental setup. The air flow rates were set to be 70. Table 2 Main parameters adopted base line model of the CPFD simulation Table 1 Diameter distributions of the particles Table 3 The influence of the grid number on the pressure of measuring points in the top spray area
Results and discussion
Pressure distribution
In order to verify the feasibility of the spouted bed transport process by CPFD method, the pressure data of simulation were compared with the experimental data first under different air and mass flow rates.
The results in the empty bed is shown in Fig. 3 . It can be seen that the pressure in the area before cyclone uniformly reduced when the mass flow rate increases, and in the cyclone are almost unchanged. The pressure increases when the air flow rate in the empty bed goes up. Meanwhile, as the air flow rate increases, the pressure of the whole system drops significantly. The pressure drop in the empty bed determined by the resistance of device structure will increase as the fluid velocity rises up. In addition, an obvious pressure increase happens in the spray area. The kinetic energy of the airflow decreases significantly when the airflow gets into the spray area from the tubule, without considering local airflow emission. The rest of energy loss caused by airflow emission is converted into static pressure energy. Since the void volume in the pipeline was increased along with the raising amount of particles, it can be found that the pressure before the spray area was uniformly reduced with the mass flow rate increasing.
This phenomenon resulted in the increase of friction resistance between particles and the decrease of pressure. However, changing the mass flow rate has almost no impacts on pressure in the top spray area and the cyclone separator. This indicates that most of the particles in the spray area are in the fluidized state instead is approximately equal to the bed weight in the fluidized state, and thus the impact of the mass flow rate on the pressure is very small. Fig. 3, Fig. 4 and Fig. 5 show that the simulation curves are in agreement with the experimental curves.
The simulation results are relatively lower than experimental data in the high air flow rate, and the maximum error is about 10%. One of the reason for this phenomenon is that the effect of heat on the fluid viscosity was completely ignored in the simulation process. However, the friction heat generated in the pipeline transportation process and spout process increased as the mass flow rate goes higher than the designed value in practice, which results in the simulation result error. Moreover, the simulation results demonstrate that changing mass flow rate has almost no impacts on the pressure in the top spray area and cyclone separator, but the pressure in the spray area still has a downward trend as the mass flow rate increases. This is because particles with the same characteristics are packed into one group in CPFD method, which reduces the impact of the mass flow rate change on the system in a certain extent, and leads minor pressure distribution change in the simulation results.
Velocity distribution
Particle and flow velocity vector in the top spray area are shown in Fig. 6 and Fig. 7 . It can be seen that the movement of particles rise along the central jet, and fall in the near wall annulus area. The fountain area composed of a small amount of little particles at the top of the spray area. The particle velocity distribution in the spray area shows the trend that rises in the central region and falls in the region near the wall.
Gas flow experiences rapid deceleration after entering into the spray area until the velocity reduces to about 1.5 m/s, and the air flow rate will be stable at this velocity until exit the spray area. Above the outlet air flow which does not leave the spray area will incline towards the outlet side. This part of air flow reaches the headpiece of the spray area and goes down when it is away from the outlet side, and back-mixing with the rising air flow. The particle velocity distribution and flow velocity distribution at various heights are shown in Fig. 8 and Fig. 9 . Combined particle velocity vector can be found where particle velocity direction is upward in the central part of the spray area, and downward close to the wall. Due to maximum spouted height difference, heavier particles in the rising state constantly fall in the spouting process. As a result, the bottom of spray area has more falling particles than the upper portion. It can be found in the fluid velocity distribution sectional view that reverse downward movement happens to the air flow in the bottom of the spray area at the vertical direction of the vector map. Since the bottom of the spray area that is close to the wall in parts shows a low pressure when high-speed fluid enters into the spray area, part of air will turn back to replenish around the inlet of spray area due to pressure difference.
Concentration distribution
The particle concentration distribution at various heights are shown in Fig. 10 . It can be seen that the concentration distribution in the spray area is high near the wall and low in the central region. As the height increases, the particle concentration decreases gradually. With the progress spouted process, large particles continuously fall from spouted flow, which indicates the screening function of the spouted bed. 
Conclusions
This paper studied the application of the CPFD method for analyzing dynamic behaviors of multiphase flows in a spouted bed. The impact of pressure, velocity, and concentration were investigated using the CPFD. Physical experiments were used to validate the effectiveness of the simulation results. It provides a reference for the industrial enlargement and control of spouted bed transportation devices. And it also provides a guidance for the balance of pressure parameter and the choice of air and mass flow rate in spouted transportation process. The significantly variable movement and fierce collision of particles at riser after the feed inlet and the outlet of the spray area were well captured by the CPFD simulation. It can found that the pressure drop of the spouted transportation process mainly occurred in these two areas. The results further
show that a certain air flow rate exists in order to keep a good spouted transportation state for the particles with various diameter distribution. The particle velocity distribution in the spray area shows that the trend rises in the central region and falls in the region near the wall. Gas flow experiences rapid deceleration after entering into the spray area, and then becomes stable until exiting the spray area. The air flow shows a Fig. 12 Residence time of particles at various particle diameters and air flow rates back-mixed movement trend at the top of the spray area. The concentration distribution at the spray area is high near the wall and low in the central region. The spouted transport situations of semi-coke particles in various flow rate were recorded as reference. The consideration of the mass and air flow rate to large scale gas-solid systems in CPFD method better predicted the whole flow characteristics for practical spouted bed system. Further work will incorporate the simulation of temperature rising in the transportation process in order to investigate the characteristic parameters of oil shale semi-coke combustion.
